Here, we present a Microsoft ® Windows ® application that has been written to emulate a microplate reader. After scanning a standard 96-well microplate, color gradations in the slots can be analyzed quantitatively and be used for the estimation of enzyme kinetics, binding assays or concentration determination. In a test, series accuracy of the program was determined. We show that the returned optical densities correlated highly with the true concentrations (r >0.97). Thus, the software is useful for a wide number of applications. Further, the program is easy to handle and is available free of charge.
INTRODUCTION
In molecular biology and biochemistry, microplate-based assays are commonly used for measuring concentrations of various substances for the determination of binding capacities or for the estimation of enzyme kinetics. In most cases, the final visualization of the results is done with a dye reaction, in that the color of the dye or the intensity of the dye or both is changed. Usually, this difference is analyzed spectrophotometrically in sophisticated devices like enzyme-linked immunosorbent assay (ELISA) plate readers. Also, the visualization of results can be achieved using a carrier material, and intensity nuances are measured with a densitometer. In this context, it has been shown that in addition to fairly expensive equipment being able to detect the differences in density or color, commercially available image-digitizing instruments like digital charge-coupled device (CCD) cameras (2) can also be used. Even flatbed scanners have been proposed for densitometric analysis or the quantification of immunoblots (5) . Besides, software has been demonstrated to solve tasks like quantitative image analysis (3, 4) . Although no special software is available, reading microplates using a desktop scanner with the appropriate computer program should also be possible. Here, we present a computer application that has been particularly written for this purpose. The Digital-OD program is supposed to emulate a microplate reader and allows quantitative analysis of reactions in the wells. The software is a Microsoft ® Windows ® application and is available free of charge. The required files can be downloaded from the author's web site ( http://www.gwdg.de/~sjansen/ ).
DESCRIPTION OF THE PROGRAM
A bit-map file is originated by an image-digitizing procedure (e.g., by a scanner) and loaded into the program. This image serves as a source for the subsequent analysis. Uncompressed bit maps were chosen because virtually all scanning programs are able to generate this format. By default, the size of the picture under investigation is scaled to the size of the window; however, the program tries to maintain the proportions of microplates. Otherwise, the picture can be horizontally and vertically rescaled.
The Reader functionsentry in the menu bar lists procedures necessary for a simple run (Figure 1) . In microplate readers, a wavelength must be chosen from a set of filters for analysis. In the Digital-OD program, these filters are emulated electronically. A red, yellow, green and blue filter that reflects wavelengths at approximately 700, 585, 520 and 435 nm, respectively, has been implemented. Furthermore, it is possible to determine only the gray values of certain areas on the screen. Also, for special applications or for optimization, the filter dialog permits a switch to Advanced settings . In this dialog, filter colors and wavelengths other than the pre-set parameters can be imitated. Instead of the subtractive color scheme, the additive color scheme was chosen for filter-color generation. This was done on the observation that it is far easier to add the colors red, green and blue than to delineate a wavelength that results from subtraction of cyan, magenta and yellow. In the additive color scheme for instance, red and green makes yellow or green and blue makes a greenish blue. In both examples, the visual appearance of the merged colors correlate with their physical wavelengths. The only exception that would not work in this way is to merge red and blue. This would give a sort of violet in the additive color scheme but not give a short wave filter. Another alternative would have been a direct input of the desired wavelength. Unfortunately, exact generation of a filter depends specifically on the graphic card present in the computer. So a fine tuning would have been obligatory in any case. And finally, the additive color scheme harmonizes best with the computer hardware and abates inaccuracies.
The principle of action when measuring the color gradation in the slots of the microplate is to determine the digital presence of each of the colors in the additive red, green and blue (RGB) system. This is different from ELISA plate readers. In these plate readers, maximum contrast is achieved by eliminating unwanted wavelengths with optical filters, and the specific absorption of a probe at a certain wavelength is measured. In the Digital-OD program, the opposite color of the digital filter is taken into account. The program measures which color is there and with what intensity. Unlike ELISA readers, this means that measurement occurs positively and not according to that what has been extincted. When comparing the program with an ELISA reader however, there is no difference in terms of the choice of the optimal filter. This means that in the measuring process, red gradations are read best with a green filter or yellow gradations are determined best with a blue filter and vice versa. This is very similar to the procedure when using pure optical systems.
In the program, there are two procedures implemented to read a plate: (i) either single areas can be examined (like the "color temperature tool" in photo-publishing programs) or (ii) all slots of an ELISA plate can be measured simultaneously. In the latter procedure, only the slots A1, A12 and H12 of the plate have to be indicated. The other slots of a standard 96-well plate will be aligned automatically. In both procedures, areas of 5 × 5 pixels are checked, and the average of the color values within this field is determined. Blanks can be set by clicking on the menu entry Consider blanks . The average of the respective blank values will then be automatically subtracted from the other slots to be measured. To ease typical ELISA applications, an upper and a lower threshold can be fixed. When measuring a plate using the thresholds, the output file does not contain raw data in terms of optical densities. Depending on the threshold settings, positive, negative or ambiguous reactions are given instead. All results can then be stored in a file and printed out or subjected to further mathematical analysis. Existing data files will not be overwritten, but the results will be appended in the file.
VALIDATION OF THE PROGRAM
To estimate the accuracy of the results obtained by the program, two series of dilutions were made. The first was a dilution series of picrinic acid, which serves otherwise as a control substance to calibrate microplates. The picrinic acid dilution shows a yellow gradation and was diluted from 3.2 optical density (OD) 600 down to 0.025 OD 600 . The other dilution that served as a reference for testing was made from a protein concentration gradient. Protein concentration was measured using the Bradford assay (Reference 1; Bio-Rad, Hercules, CA, USA). A typical color gradient from a dark brown to a deep blue was formed. ELISA plates were then measured in a THERMOMax ® ELISA Reader (Molecular Devices, Sunnyvale, CA, USA) at 405 and at 600 nm to obtain best results for the picrinic acid dilution and the protein concentration gradient, respectively. The plate was then scanned using an AGFA Studio Scan II Flatbed Scanner (Agfa Germany, Cologne, Germany) at 300 ×300 dots per inch (dpi) and a color resolution of 2 30 colors. Analogous to the procedure with the microplate reader, the yellow (585 nm) and the blue filters (435 nm) were applied to measure the corresponding dilution series. The video graphics adapter (VGA) card resolution of the computer used for this investigation was 1024 × 768 pixel with 2 24 -bit color resolution. After measuring of the plate in both systems, data were collected and subjected to regression analysis with the true concentration.
With the ELISA reader, both the picrinic acid dilution and the protein concentration gradient returned results that matched with the true concentration ( r >0.99). An only slightly less accurate estimation of the true concentrations were returned by the scanning procedure with subsequent computer analysis. The picrinic acid dilution showed a correlation of r = 0.97 with the true concentration, while the estimation of protein concentration returned a value of r = 0.99. This indicates that the ELISA reader returns the most exact results; nevertheless, for most applications these minor deviations are not crucial. The most important difference concerning the interpretation of results is that in microplate readers the relation between the extinction and the true concentration of the substance is linear. In the computer-based procedure using the Digital-OD program, the digitally estimated optical density and the true concentration follow a logarithmic order ( Figure  2) . Calibration of the whole system occurs in an identical manner as with microplate readers, apart from the fact that the logarithmic slope of the curve has to be considered. After calibration, even quantitative assays are possible, as shown with the determination of the protein concentration.
As can be seen with the picrinic acid dilution, the detection range spans from OD = 3.2-0.2. Measuring higher or lower optical densities is not recommended, and substances to be investigated need either dilution or concentration. Other limiting factors are the quality of the scanner and the graphic card. Although the computer program also works well with a lower pixel density, to avoid dithering and to ensure a smooth color gradation, the color resolution should be not less than 2 24 bits. Conversely, a higher color resolution would not improve results because the program itself cannot resolve more colors. The quality of the monitor is not important, but in some instances it causes suboptimal settings of the graphic card. This may affect the quality of the image analysis. Additionally, a Model UC1200 SE Scanner (UMax Technologies, Willich, Germany) with a transillumination gear has been tested. Although the image of the microplate is excellent, one has to take care that illumination intensity is not too high. This can cause problems when the dyes themselves are very light. Other digitizing instruments like CCD cameras can possibly be used for analysis. Even a simple hand-held scanner worked well and gave satisfying results, provided that the microplates were placed on a white reflecting surface. Although the program presented here is principally designed to analyze images of microplates, there are further applications like the quantification of any kind of dot-blot assays. The accuracy of the image-digitizing process has been shown to be high and to fit the needs of wide number of applications (2, 5) . Since the prices for high-performing scanners and high-quality graphic cards have dropped notably, the program presented here is useful to set up a low-cost and versatile alternative to expensive ELISA readers.
